Minimally invasive aortic valve replacement (MIAVR) has proved to be a safe approach for the treatment of aortic valve stenosis and/or insufficiency and is associated with a number of additional benefits for patients. This includes reduced blood loss, reduced transfusion requirements, reduced length of hospital stay and improved aesthetic appearance. As all types of minimally invasive surgery rely on optimizing exposure within a more limited field of view, a thorough preoperative assessment of patients is important to identify and address potential exposure problems. MIAVR through an upper hemisternotomy is considered feasible in almost every patient, but various clinical conditions or anatomical variations can complicate the procedure and may impact on the postoperative outcome. MIAVR through an anterior right thoracotomy requires suitable anatomy, and this should be evaluated preoperatively through a computed tomography or magnetic resonance imaging scan. In this review, we aimed to present an overview of the current literature and to reflect on our personal experiences with MIAVR techniques. This should provide an aid-especially to surgeons wanting to start or have little experience with MIAVR-for a structured preoperative patient assessment and planning to increase the chance of a safe procedure with a good outcome.
INTRODUCTION
Conventional surgical aortic valve replacement (AVR) through a full median sternotomy is a safe and effective procedure and provides an excellent long-term outcome for patients with severe and/or symptomatic aortic valve pathology. To date, this approach is still considered the gold standard for patients at a low or intermediate risk for perioperative mortality [1] . Over the last 2 decades, a number of minimally invasive approaches have been developed [partial upper hemisternotomy (UHS) or lower hemisternotomy, anterior right thoracotomy (ART) and transright axillary thoracotomy (TAT)], all aimed at reducing surgical trauma and improving patient outcome. Since its first description in 1993, minimally invasive aortic valve replacement (MIAVR) has been associated with benefits for patients. This includes reduced blood loss, reduced transfusion requirements, reduced length of intensive care unit and hospital stay and faster postoperative recovery. Additionally, improved aesthetic appearance, reduced postoperative pain with the use of less narcotics have also been reported. As all types of minimally invasive surgery rely on optimizing exposure within a more limited field of view, a thorough preoperative assessment of patients is important to identify and address potential exposure problems. This will increase the chance of a safe procedure with a good outcome.
While the potential advantages of MIAVR have been the subject of many studies and papers [1] [2] [3] , no standardized protocol has been developed or suggested for a structured preoperative assessment and planning. Although we consider MIAVR through UHS feasible in almost every patient, a number of clinical conditions or anatomical variations can severely complicate the procedure. MIAVR through potentially more challenging approaches such as ART or TAT requires a suitable anatomy, and this should be evaluated preoperatively through a computed tomography (CT) or magnetic resonance imaging (MRI) scan. In this review, we aimed to present an overview of the current literature and to reflect on our personal experiences with MIAVR techniques. This should provide an aid-especially to surgeons wanting to start or have little experience with MIAVR-for a structured preoperative patient assessment and planning to increase the chance of a safe procedure with a good outcome.
potential candidates for MIAVR. The most frequently used approach is the J-shaped UHS, which utilizes a 5-8-cm skin incision and a partial UHS extending usually into either the 3rd or the 4th right intercostal space.
The potential advantages of MIAVR are the topic of many publications and are not only confined to the less invasive character of the procedure but also to reduced postoperative blood loss (reducing the need for transfusion of blood products and their associated risks), shorter duration of ventilatory support, improved postoperative pulmonary function and reduced length of both intensive care unit and hospital stay [2, 4] . Disadvantages of MIAVR are a reduced and potential suboptimal exposure, a limited range and freedom of movement for the surgeon, a risk of conversion to full sternotomy (potentially associated with increased mortality and morbidity) and a learning curve. Recent studies have demonstrated a low conversion rate to full sternotomy and reduced aortic cross-clamping and cardiopulmonary bypass times, indicating growing experience with MIAVR procedures [5] . The development and use of rapid-deployment or sutureless biological aortic valve prostheses have contributed substantially to the field of MIAVR. The use of these prostheses in MIAVR reduces both aortic cross-clamping and cardiopulmonary bypass times to a level comparable to those achieved through the conventional full sternotomy [6] . They also facilitate correct implantation of a valve prosthesis in situations with a very limited or poor exposure. In our opinion, patients who benefit most from MIAVR are those with advanced age and/or significant comorbidities (such as pulmonary dysfunction or obesity). These patients are at an increased risk for perioperative mortality and morbidity with conventional surgery through a full sternotomy [7, 8] .
CONTRAINDICATIONS
In our opinion, an MIAVR through a UHS can be safely performed in most patients. However, there are anatomical variations, clinical conditions and specific pathology that have the potential to severely complicate exposure and/or prohibit the safe execution of the procedure.
Chest wall deformities
Severe chest wall deformities are a contraindication to an MIAVR. Severe dislocation of the heart and great vessels in the chest (both in lateral direction and posteriorly) can make exposure and safe access to the ascending aorta and aortic valve extremely difficult. Associated increase in chest wall rigidity with the deformity can further limit sufficient exposure because of reduced opening of either the sternotomy or the thoracotomy. An example of such a severe chest wall deformity is pectus excavatum with a Haller index >3.2 (maximal transverse diameter divided by the narrowest anteroposterior diameter).
Status after pneumonectomy
A status after pneumonectomy can cause an important dislocation of both the heart and the great vessels, so that MIAVR procedures might be extremely difficult and potential hazardous due to very poor exposure. The presence of possibly dense pleural adhesions adds to the increase in difficulty. In our opinion, a status after pneumonectomy is a contraindication to an MIAVR procedure. Patients after pneumonectomy are already have at an increased risk for perioperative and postoperative complications, and a potentially difficult and prolonged MIAVR procedure will increase this risk even further [9] .
Severely calcified ascending aorta
In patients with a severely calcified ascending aorta, optimal exposure of the ascending aorta and the aortic arch are necessary to be able to choose a safe place for arterial cannulation and aortic cross-clamp placement. Also, safe closure of the aortotomy and control of bleeding from the arterial cannulation site after decannulation necessitates both optimal exposure and maximum freedom and range of movements in these patients. Because both exposure and freedom and range of movement are more limited in an MIAVR procedure, we consider the presence of a severely calcified ascending aorta a contraindication to an MIAVR procedure.
Reoperations
A reoperation is not considered an absolute contraindication to an MIAVR procedure. Moreover, a less invasive approach might even be able to reduce the mortality and morbidity associated with repeated open-heart surgery [10, 11] . The introduction of rapid-deployment and sutureless aortic valve prostheses can be particularly valuable in case of an MIAVR procedure in the setting of a reoperation. However, caution is warranted in patients with a history of coronary artery bypass surgery (CABG). In addition to the risk of damaging patent bypass grafts, myocardial protection can be a serious problem for an MIAVR after previous CABG [10] . In our opinion, a (redo) full sternotomy should strongly be considered after previous CABG. Through a full sternotomy, more options for myocardial protection are available such as retrograde delivery of cardioplegia, topical cooling of the heart (and especially of the right ventricle) and temporary occlusion of patent in situ internal mammary artery grafts during cardioplegic arrest. In our opinion, an MIAVR procedure is a suitable option after previous valvular surgery or surgery to the ascending aorta.
Obesity
Obesity is not considered a contraindication to an MIAVR procedure for several reasons. First, the heart is frequently located more cranially in obese patients due to the excessive fatty tissue in the abdominal cavity. This cranial dislocation of the heart improves exposure and access of the ascending aorta and aortic valve through a UHS. This mitigates in our experience the increased difficulty caused by the abundant subcutaneous and mediastinal fatty tissue in obese patients. Second, because obesity is a risk factor for deep sternal wound infections, this risk might be favourably influenced through smaller incisions and/or partial sternotomy [12] [13] [14] .
Additionally, a few conditions require additional attention when performing MIAVR:
1. Caution is warranted in patients after previous radiotherapy of the chest. The radiotherapy causes alterations to the tissue quality of the aorta and right atrium, which makes the tissue more 
PHYSICAL EXAMINATION
During the preoperative physical examination for an MIAVR procedure, special attention should be given to the height and weight of the patient and to the external anatomy of the chest wall. This will provide valuable information about the potential difficulties that one might encounter during the surgery. While chest wall deformities are relatively uncommon, if severe, they can have a major impact on surgical procedures. Exposure of the heart and great vessels can be limited due to changes in the normal anatomical position. Pectus excavatum accounts for 90% of all chest wall deformities [15] . The heart is classically dislocated to the left and renders either a UHS or ART procedure very difficult. Patients with a moderate or severe pectus excavatum, as described by a Haller index >3.2 are contraindicated to an MIAVR procedure. In our experience, a limited pectus excavatum (Haller index between 2 and 3.2) will not increase the procedural difficulty during an MIAVR approach. Patients with diminished anatomical landmarks would benefit more from a conventional sternotomy approach.
Because exposure relies particularly on partial retraction of the sternum (in UHS) or ribs (in ART), increased rigidness of the chest wall makes MIAVR far more difficult. The reason for this is that rigidity limits retraction and this will have negative impact on exposure. Ankylosing spondylitis (Bechterew's disease), previous chest surgery and previous chest trauma can all lead to a more rigid chest wall. Very muscular (and more frequently young) patients can also have very rigid chest walls.
Narrow intercostal spaces (especially combined with a rigid chest wall) can limit exposure in ART and TAT procedures. When this is the case in an ART procedure, a solution is to transect the costochondral cartilage with diathermia. This will greatly increase the exposure. The divided costochondral cartilage can be sutured with Vicryl at the end of the procedure. An alternative is to perform a partial rib resection but this is less preferable because of increased invasiveness, potentially increased postoperative pain and reduced aesthetic appearance.
Previous incisions in the thorax and femoral region (perhaps not mentioned in the medical records) should make one be prepared for adhesions and/or anatomical displacement. Although peripheral femoral venous cannulation is not always necessary [11, 16] , it is a good option in case of dense adhesions in the area of the right atrium and aortic root. Moreover, in our experience, peripheral venous cannulation (with adequate venous drainage) is associated with an increased exposure of the aortic root. It also allows an approach through the 3rd instead of the 4th intercostal space in most UHS cases.
Assessment of the height of the patient is important, not only because of a potentially more caudal position of the heart in very tall patients, it is also important to choose the correct cannula length in case of peripheral venous cannulation. In very tall patients (e.g. >185 cm), some peripheral venous cannulas might not be long enough to be positioned with the tip into the superior caval vein. This can lead to insufficient venous drainage and right ventricular distention. Both will lead to a decrease in exposure and the continuous backflow of blood from the left ventricle. We would like to stress here that a bloodless field is mandatory for correct positioning and deployment of a rapid-deployment or sutureless bioprosthesis. Potential solutions are either changing the venous cannula for a longer one (which can be difficult and potentially dangerous since it necessitates temporary cessation of the extracorporeal circulation) or insertion of an additional venous cannula directly into the superior caval vein (which can be connected to the venous line with a Y-piece and very briefly stopping the extracorporeal circulation). Central venous cannulation avoids the issue of cannula length but, in our experience, is associated with a decreased exposure. Additionally, the height of the patient is correlated with the size of the aortic annulus. In combination with a preoperative transthoracic echocardiogram (TTE) and/or CT scan, this can be used to determine whether the aortic annulus might be too wide to allow safe implantation of a rapid-deployment or sutureless bioprosthesis.
IMAGING

Echocardiography
Standard preoperative workup includes a complete TTE. TTE remains the gold standard for the assessment of the severity of the aortic valve pathology. Severity of aortic valve stenosis is determined by the aortic valve area in square centimetres, the mean peak gradient in millimetres of mercury and the maximum velocity over the aortic valve in metres per second. Additionally, this baseline imaging will help evaluate the left and right ventricular ejection fraction, the morphology of the aortic valve (number of cusps, presence of raphe and calcifications), size of the aortic annulus, presence of aortic valve regurgitation, extension of the calcifications in the aortic-mitral continuity, presence of turbulence over the left ventricular outflow tract by asymmetrical septal hypertrophy, calcifications in the aortic root and ascending aorta, estimation of pulmonary artery pressure by tricuspid regurgitation gradient and other valvular dysfunction [17] . The information gathered from TTE can be used to decide whether implantation of a rapid-deployment or sutureless bioprosthesis is a potential option. Furthermore, TTE helps to decide on myocardial protection strategy (presence and severity of aortic regurgitation) and adds prognostic value. Noteworthy, left ventricular diastolic dysfunction, small left ventricular cavity size and right ventricular systolic dysfunction have been identified as powerful predictors of in-hospital mortality and major morbidity after AVR in general [18] .
Coronary angiography
Coronary angiography (CAG) is still the gold standard for the detection of coronary artery pathology. However, it is a relatively expensive and invasive procedure and is accompanied by a procedural mortality and morbidity that cannot be ignored (0.15% and 1.5%, respectively) [19] . CAG does show deviant coronary anatomy, which can be important in deciding on myocardial protection strategy and surgical preparation. Extensive calcifications of the aortic annulus, aortic root and ascending aorta can be identified. Additionally, CAG will provide global information concerning dilatation of the ascending aorta and aortic root. When the suspicion has been risen of important calcifications, dilatation or displacement of the ascending aorta has risen during the preoperative CAG, a CT scan (which could be without the use of intravenous contrast) is indicated.
Electrocardiogram
The standard preoperative workup includes an electrocardiogram. The added value of an electrocardiogram for preoperative patient assessment specific for an MIAVR is limited. However, a preoperative electrocardiogram might be important in the decision-making process whether or not to implant a rapid-deployment or sutureless aortic valve prosthesis. Multiple studies have shown preoperative conduction disorders to be an independent risk factor for postoperative implantation of a permanent pacemaker [20, 21] . The risk of a left bundle branch, resulting in a total atrioventricular block in patients with a pre-existent right bundle branch block, caused by the implantation of a rapid-deployment or sutureless aortic valve prostheses seems to be increased. The cause might be the increased pressure on the annulus and a more proximal left ventricular outflow tract and in turn, on the conduction tissue. In our experience, up to 30% of patients develop a new (but occasionally temporary) left bundle branch block after implantation of a rapid-deployment or sutureless bioprosthesis. The morbidity associated with the postoperative implantation of a permanent pacemaker might not be outweighed by the benefits of the MIAVR procedure over a conventional AVR (without postoperative implantation of a permanent pacemaker).
Chest X-ray
The value of a preoperative chest X-ray is confined to giving a basic overview of the thoracic anatomy and bony structures. It helps in determining the location of the aortic valve relative to the sternum and intercostal spaces (Fig. 1) . In general, the aortic valve will be positioned in the proximity of the 4th intercostal space. Naturally this is a simplified reproduction and inferior to CT imaging but can be done at very low costs. Furthermore, acute and chronic lung pathologies can be identified. These might affect the perioperative strategy, because the presence of adhesions might complicate an MIAVR procedure [22] .
Computed tomography scan
CT angiography (CTA) is routinely used in the workup for TAVR. However, the use of CTA in patients undergoing isolated surgical AVR is limited. We consider it of important additional value in patient assessment for MIAVR. We consider a preoperative CT scan mandatory for an ART or TAT approach (see paragraph on ART approach). Additionally, it can be used in general to rule out coronary artery disease preoperatively: it is less invasive than CAG and its negative predictive value is high [19] . CTA might even be used to for screen patients who are a priori at a low risk for coronary artery disease, reserving CAG only for positive cases. It is able to accurately evaluate the aortic valve, so additional transoesophageal echocardiography does not have to be performed. It is noteworthy that CTA provides the same or even better information concerning the aortic valve then transoesophageal echocardiography [23] . Moreover, it can also provide the surgeon with information about the presence and extent of the atherosclerosis of the aortic root and ascending aorta (Fig. 2) .
For the detection of soft or irregular plaque, which is much more dangerous than smooth calcified plaque, CTA is also a good option. This soft plaque cannot be visualized by chest X-ray and aortography. TTE can be used, but only partially visualize the ascending aorta. Should peripheral femoral arterial cannulation be necessary, extending the CTA imaging to the femoral region can be used to assess the diameter, quality and tortuosity of the femoral vessels.
The introduction of three-dimensional (3D) reconstruction provides even more clarity to the cardiac anatomy and mediastinal structures, which can improve preoperative cannulation and myocardial protection strategy [16] . Patients who have renal insufficiency can also benefit from this 3D reconstruction strategy, because intravenous contrast is not administered. Furthermore, the location of the aortic valve in relation to the bony structures (ribs and sternal notches) in the operating room is highly correlative with preoperative findings on CT. This enables accurate preoperative planning and helps in choosing the best approach for an MIAVR procedure [24] .
Magnetic resonance imaging scan
An MRI scan is infrequently used in the preoperative workup for an MIAVR procedure. Although there seems to be additive value of CTA in preoperative patient assessment for MIAVR, (cardiovascular) MRI does not seem to be equally convincing.
Clear benefits of MRI are the non-invasive character, radiationfree imaging and a detailed visualization of the cardiac structures. Additionally, cardiac wall motions, cardiac function, myocardial fibrosis and disease progression can be assessed, hereby demonstrating the primary prognostic function of MRI [25] [26] [27] [28] .
MRI can add value in detecting plaques in the aortic-iliac tract, influencing the perioperative cannulation strategy. Moreover, it will give insight into the type of the plaques, adding to the prognostic value once more. However, the clinical implications of early plaques diagnosis have yet to be determined [28, 29] . To date, MRI has not been able to accurately trace coronary artery disease, detecting only approximately 75% of proximal stenosis. Therefore, its clinical applicability as a non-invasive modality for diagnosing coronary artery disease is limited [28] . The increased scanning time compared to CT, claustrophobia and interference of the MRI with pacemakers or internal cardiac defibrillators are other disadvantages that limit its use in general.
ANTERIOR RIGHT THORACOTOMY
The second most frequently used MIAVR approach is the ART. ART avoids sternotomy and is associated with a limited skin incision. However, the operative field is smaller, and the exposure is more limited because the aortic valve will be farther away from the incision.
Surgical access is performed through a 5-cm incision in either the 2nd or the 3rd intercostal space, as described by Glauber et al. [30] . The most important difference with the UHS approach in selecting patients for ART is the need for preoperative CT imaging for the assessment of the position of both the ascending aorta and the aortic root in relation to the sternum. The ascending aorta must be situated to the right of the midline and the distance between the sternum and aorta may not exceed 10 cm for adequate exposure [3, 5, 31; Fig. 3 ]. Furthermore, by noting which intercostal space is closest to the tip of the right atrial appendage, the preferred intercostal space for access can be identified. Should rapid-deployment or sutureless valve prostheses be used in ART procedures, the aforementioned anatomical criteria can be applied less strictly. Correct implantation of a rapiddeployment or sutureless valve prostheses depends less on the placement and tying of all the sutures of the prosthesis, which in turn is greatly dependent on the distance between the incision and the aortic valve annulus. Usually, only limited number of guiding sutures is necessary for correct implantation of the prosthesis.
Additional contraindications for an ART approach are limited but well defined: previous right chest surgery, history of right pleural disease, ascending aorta dilatation, severe calcification of the ascending aorta and the need for concomitant procedures [32] . Additionally, in our opinion, retrograde arterial perfusion should be avoided for (MI)AVR procedures, because it is associated with an increased risk of embolic cerebral events. Hence, this also holds true for the ART approach.
FUTURE PERSPECTIVES
Improving minimally invasive techniques could potentially lead to even less invasive approaches. Although not frequently discussed and not thoroughly studied yet, in the distant future of minimally invasive procedures, totally endoscopic AVR, possible using robotics, could become feasible. In these procedures, a thorough preoperative patient assessment and preoperative imaging will presumably be even more important, because the exposure and freedom and range of movement will be even more limited.
CONCLUSION
MIAVR through a J-shaped UHS is a safe and feasible procedure that can be performed in almost every patient undergoing an isolated primary or redo AVR. Alternatively, ART (or TAT) provides a complete sternal sparing approach. For this approach, a more careful patient selection based on his/her anatomy is mandatory. Not many conditions will cause important contraindications or decrease the patient's safety in an MIAVR procedure. A thorough preoperative evaluation of the patient, including imaging is important in planning, preparation and decisionmaking to ensure a safe and successful MIAVR procedure. We advocate a more prominent role for preoperative CT, with 3D reconstruction, in adequately selecting patients for different MIAVR approaches and to reduce risks.
